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Abstract An economic and environmental evaluation of
active distribution networks containing lithium ion batter-
ies (Li-ion), sodium sulfur batteries (NaS) and vanadium
redox flow batteries (VRB) was carried out using the
EnergyPLAN software. The prioritization schemes of the
combination of energy storage systems and intermittent
energy systems were studied technically and economically
based on some specific situations of the grid integrated
with wind power. The results suggest that the technical and
economic optimal intermittent energy-storage capacity
ratio was 2:1 in predetermined energy system scenarios. Li-
ion batteries storage system performed the best in critical
excess electricity production (CEEP) absorption, energy
saving and emission reduction while NaS batteries storage
system was the most competitive among the three due to its
cheaper costs.
Keywords Active distribution networks, Intermittent
power sources, Battery energy storage, Economy,
Optimization
1 Introduction
Grid connection of large-scale intermittent power sour-
ces is an important method for power system restructuring
in China. Energy storage systems effectively suppress the
fluctuation of intermittent power sources and are therefore
an important method to promote the greater use of large-
scale intermittent power sources.
However, the high cost of battery energy storage sys-
tems is one of negative factors for their commercial use.
For example, the cost of batteries was about 20% to 30% of
the total cost of the wind and solar storage integrated
demonstration project in Zhangbei, China [1], although the
prices have already dropped a lot since building Zhangbei
project. It is crucial to optimize the type and capacity of the
batteries to reduce the cost of the energy storage
systems.
Currently, the economics of the power sources in an
active distribution network are directly determined by the
energy storage systems. However, it is difficult to evaluate
the energy storage systems used in an active distribution
network. The EnergyPLAN software can analyze and
compare the performance of different energy systems,
which are based on fossil fuels, nuclear fuels and renew-
able energy [2], with one-hour resolution. When the char-
acterization of a reference energy system is completed by
the EnergyPLAN software, another energy system can be
quickly and easily analyzed through the model, which
keeps continuity and consistency. Presently, the software
has been used to simulate a 100% renewable energy system
for Mljet island of Croatia [3, 4] and for the entire country
of Denmark [5], a large-scale wind power network [6, 7],
the optimal combination of renewable energy sources [8],
excess power management [9], vehicle-to-grid (V2G) and
other technologies to balance a wind power network [10],
CrossCheck date: 30 March 2015
Received: 23 September 2014 / Accepted: 6 August 2015 / Published
online: 5 November 2015




1 South China University of Technology, Guangzhou 510640,
Guangdong, China
2 Electric Power Research Institute of Guangdong Power Grid
Co. Ltd., Guangzhou 510080, Guangdong, China
123
J. Mod. Power Syst. Clean Energy (2015) 3(4):583–588
DOI 10.1007/s40565-015-0148-5
the potential role of fuel cells and batteries [11] and the
role of electricity storage [12].
Therefore, this paper considers the technical and eco-
nomic performance of the lithium ion batteries, sodium-
sulphur batteries and vanadium redox flow batteries in
active distribution networks using the EnergyPLAN soft-
ware. These kinds of batteries were simulated in specific
configurations with grid-connected solar and wind gener-
ation, according to the technical and economic character-
istic of the energy sources and energy storage devices, and
optimal combinations were explored.
2 Active distribution networks and energy systems
2.1 Characteristics of active distribution networks
The definition of active distribution networks has been
proposed by the CIGRE C6.11 group, and its technical
content can be defined as: ‘‘active distribution networks
have systems in place to control a combination of dis-
tributed energy resources (DERs), defined as generators,
loads and storage. Distribution system operators (DSOs)
have the possibility of managing the electricity flows using
a flexible network topology. DERs take some degree of
responsibility for system support, which will depend on a
suitable regulatory environment and connection agree-
ment’’ [13]. Therefore, compared with a passive distribu-
tion networks, an active distribution network is a new form
of distribution network, with a specific technical goal. It
can achieve both energy efficiency and economic benefits.
2.2 Energy systems based on active distribution
networks
The active and reactive power of battery energy storage
can be controlled through four-quadrant power conversion
systems, and used for many demand-side power manage-
ment applications. For example, with a suitable control
system, battery energy storage can reduce the difference
between on-peak and off-peak demand, and improve power
quality to increase the efficiency of electrical equipment
which will reduce their energy consumption. Battery
energy storage can also increase the application of
renewable energy by reducing the effects of intermittency
on the distribution network, particularly through active
voltage regulation. Responsive energy storage systems,
such as batteries, can also improve the system stability, by
providing ancillary services to help maintain the frequency
of the system and compensate load fluctuations and gen-
erator and transmission line outages. Especially, for large-
scale intermittent energy networks, energy storage device
systems can reduce grid instability caused by intermittent
energy output, when controlled to achieve an appropriate
dynamic response.
There are many kinds of battery energy storage, which
are divided into those most suitable for energy shifting
applications and those most suitable for high-power
applications, with different price dependence on the energy
storage capacity (kWh) and the charge and discharge rate
(kW). Currently, large-scale application of batteries is
restricted by their price in comparison to the economics of
their application areas, in this case the active distribution
networks. Li-ion, NaS and VRB are three mainstream
batteries in the present market, and they have distinctive
features and advantages. Li-ion battery has the good fea-
tures of high power density and no memory effect; NaS
battery can discharge with high output power and large
current; VRB is cost-effective for large energy capacity
and very long life due to no chemical change and elec-
trolyte. This paper evaluates the economics of the three
energy storage systems in typical operating conditions and
configurations of active distribution networks.
3 Understanding typical operating conditions
3.1 Wind resources in Chongming Island
Chongming Island in Shanghai, China is assumed to
represent the typical condition of intermittent wind power
since it is rich in wind resources.
The annual average wind power density of this region at
50 m high is 339.1 W/m2, which is much higher than
150 W/m2, the level normally required for wind energy to
be extracted efficiently. In the island, the total capacity of
wind power that may be installed is up to 1500 MW, and if
the average utilization time of wind is 2000 hours per year
(or 23% capacity factor), the achievable energy generation
is 3 TWh per year or more, which would be equivalent to
the largest wind farms in the world. Cost-effective devel-
opment of wind power will occur where the average uti-
lization time of wind exceeds 2000 hours per year, so that
the generated electricity is greater than or equal to
1.2 GWh for a wind turbine with 600 kW capacity. When
the average utilization time reaches 2500 hours per year, it
may be economic to develop wind farms rather than indi-
vidual turbine installations. In Chongming Island, the
annual duration of effective wind is 8418 hours and the
average utilization time is 2208 hours per year. In addition,
the peak wind speed and peak wind power density both
coincide with the peak period of residential electric load
each day. According to studies, it is advantageous to mit-
igate the peak electric load though the use of wind power at
18:00 of August, coinciding with the strongest wind gen-
eration [14].
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3.2 Energy mix in Chongming Island
According to the comprehensive analysis of the statis-
tical data in recent years, in this paper the region’s peak
load is 364 MW, and the annual consumption and losses
are about 1570 GWh, where the power generation is
1238 GWh [15]. The difference of 332 GWh is imported
using the power transmission capacity of 250 MW from
Jiangsu power grid, supplying about 20.5% of the total
annual electricity consumption. The total installed power
plant capacity is 204.5 MW [16], of which the coal-fired
power plant is 89.9%, wind farms are 9.5%, and photo-
voltaic arrays are only 0.6%. The maximum power
capacity is 454.5 MW.
The intermittent energy generation in the island mainly
comprises:  380 V photovoltaic power plants at some
office buildings and other small-scale photovoltaic power
generation not connected to the electricity grid; ` a 10 kV
photovoltaic power plants with rated capacity of 1.04 MW,
and annual generation capacity of 1.05 GWh; ´ a 35 kV
wind farm: there are 13 turbines with unit capacity of
1.5 MW, hence total capacity of 19.5 MW.
3.3 Energy system based on an active distribution
networks
In 2020, the active distribution network in this region
should be completed. According to the goal of eco-island
construction (2010–2020) for the island, a gas power plant
project was started, located in the south of the Yangtze
River at the central region, in order to reduce the energy
production and greenhouse gas emissions from the city.
The predicted maximum load is set as 1500 MW and the
annual electricity consumption is set as 3500 GWh in 2020
according to the moderate prediction scheme of this region
[17].
In order to reduce CO2 emissions, the proportion of
wind energy is gradually increased from 0% to 30%, 50%,
70%, 90% and 100% of electricity consumption. To reach
very high proportions of wind energy, the availability of
wind power should reach 8760 (8784) hours per (leap)
year, and this requirements allows the necessary installed
capacity and energy generation of thermal power and wind
power under different proportions of wind power, as shown
in Table 1.
As shown in Table 1, if the demand for electricity is
totally supplied by wind power, wind power capacity must
be increased at a greater rate than would be required for
thermal power capacity. Although it hardly happens now,
the condition 5 is studied as an extreme case.
3.4 CEEP based on an active distribution networks
As shown in Fig. 1, adding a high proportion of wind
power creates a problem of energy systems. Because of
the imbalance between the demand and intermittent
supply of electricity, wind power is unable to completely
supply the grid demand due to instability of wind power,
resulting in CEEP of energy systems represented by
curtailed wind. When there is excess capacity, many
turbines are turned off, and some units of the coal-based
energy system must run continuously to ensure the sta-
bility of power grid. In this case, compared with refur-
bished plant and improved energy efficiency, enhancing
the ability to coordinate the intermittent wind energy is a
better method to reduce greenhouse gas emissions and
increase economic benefit, which could be achieved by
applying energy storage technologies in an active dis-
tribution network.
Table 1 Amount of installed capacity and power generation of thermal power and wind power under different percent of wind power
Condition Percent of wind power (%) Installed capacity (MW) Power generation (TWh)
Thermal turbines Wind turbines Thermal power Wind power
1 – 570 – 3.5 –
2 30 480 505 2.45 1.05
3 50 355 845 1.75 1.75
4 70 242 1180 1.05 2.45
5 100 0 1688 0 3.5
Fig. 1 CEEP with increasing of installed wind capacity when there is
no battery energy storage system
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4 Economic benefits of wind-battery power
storage system
Considering the energy storage system as the principle
balancing mechanism of active distribution networks, its
capacity and configuration have been researched to make
the wind power output smooth and efficiently matched to
the load.
4.1 Excess capacity (CEEP) of wind-battery power
storage system
Fig. 2 shows the comparative effect on CEEP between
different levels of wind power and storage capacity in
energy systems composed of thermal power and wind
power. The installed capacity of wind power is 505 MW,
Fig. 2 Impacts on CEEP between wind power and storage capacity
Fig. 3 Impact of wind power installed capacity and energy storage
capacity for total annual cost of the energy system TAC
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845 MW, 1180 MW, and 1688 MW, and the total installed
capacity of thermal power is shown in Table 1. A reference
configuration with no storage is also included.
It can be seen that when the installed capacity of wind
power was 505 MW, 845 MW and 1180 MW, the value of
CEEP significantly improves even when the capacity ratio
was 5:1 for wind:battery, while as the proportion of the
energy storage capacity increased, the value of CEEP
gradually decreased, which indicates the effectiveness of
the energy storage system in reducing excess generating
capacity and keeping the power grid stable. For different
storage systems, the order of decreasing value of CEEP
was lithium-ion batteries, sodium sulfur batteries, and
vanadium redox flow batteries.
When the wind power capacity is 505 MW, the values
of CEEP with different types of energy storage system are
all close to zero. There is no CEEP after meeting the local
load demand for electricity due to the small installed
capacity of wind power, and energy storage systems are not
required for economic optimization. When the wind power
capacity is 1688 MW, a large number of wind energy
cannot be absorbed by the power grid, and this provides an
economic incentive to use energy storage systems.
For the sodium-sulfur battery, as the ratio between wind
power and batteries changes from 5:1 to 2:1, the curve of
CEEP shows a slow decreasing tendency. As the ratio
changes from 2:1 to 1:1, the value of CEEP drops by the
largest amount, and when the ratio of wind power and
batteries reaches to 1:1, the value of CEEP is reduced by
more than half. Therefore, the ratio of wind power and
sodium sulfur battery energy system should be less than 2:1
in order to efficiently reduce the CEEP value. But for the
lithium ion battery, the curve of CEEP also shows a slow
decreasing tendency as the ratio of wind power and bat-
teries changes from 5:1 to 3:1. Due to the increased energy
storage capacity, the value of CEEP drops by the largest
margin as the ratio of wind power and batteries changes
from 2.5:1 to 1:1, and when the ratio reaches 1:1, the value
of CEEP decreases by nearly 70%. Therefore, the ratio of
wind power and lithium ion battery energy system should
be less than 2.5:1 to 2:1. It is the same to the vanadium
redox flow battery.
4.2 Cost of wind-battery power storage system
The impact of wind power installed capacity and energy
storage capacity on the total annual cost of the energy
system (total annual costs TAC) is shown in Fig. 3.
Obviously, the overall cost of the system increases due to
the battery storage system, and is much higher than the
total cost without energy storage system.
Through an analysis of economic viability, when the
ratio of wind power and sodium sulfur battery energy
system reaches 2.5:1, the total annual cost is gradually
increased. Meanwhile, the cost of lithium ion battery and
vanadium redox flow battery increase sharply, and will not
be commercially viable, when the ratio of wind power and
battery is greater than 2:1–1.5:1.
5 Conclusions
The CEEP and the total annual cost of an example
energy storage system were calculated and analyzed for
three kinds of battery energy storage system: lithium ion
batteries, sodium sulfur batteries, and vanadium redox flow
batteries. Proportions of wind energy between 0% and
100% were considered, the remainder of load being met by
thermal generation, thus an energy system comprising
100% intermittent energy was included as an extreme case.
The results show that the optimum ratio of wind power and
battery is 2.5:1–2:1 for the three types of battery under
certain wind capacity. The lithium ion battery has the
strongest ability to reduce the CEEP, resulting in energy
savings and emission reductions, but the total cost is much
higher than the other two, which limits its large-scale
application. The comprehensive performance of the sodium
sulfur battery is best, due to its longer life, and its stronger
economic and environmental benefits. Our work will con-
tinue to research complex energy storage systems including
an economic benefits model, their applications, and their
optimal power and capacity to meet the requirements of
active distribution networks.
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